In this Letter, we report mirror-rotation-symmetrical singlefocus spiral zone plates (MS-SZPs) fabricated by femtosecond laser direct writing. The novel optical element can generate a single-focus vortex beam, owing to the element's complicated continuous surface. The MS-SZP surface possesses reverse mirror-rotation symmetry, which ensures that the transfer element has the same surface morphology as the original element. Both the transfer element and original element have good optical properties. The single-focus behavior was investigated by a microscopic imaging system and found to be in good agreement with theoretical simulation results. The innovative optical component is expected to be widely used in optical communication, quantum computation, optical manipulation, and other fields. The optical vortex (OV) has attracted great interest for its unique and fascinating properties, which differ from those of traditional light beams, since its discovery by Allen et al. in 1992 [1-4]. OV beams possess a helical phase front and intrinsic orbital angular momentum (OAM), giving them potential for applications in terabit-level data transmission [5] , multidimensional coding in quantum calculation, and optical manipulation [6, 7] . In recent decades, various interesting methods based on different optical theories have been proposed to generate OV beams, such as geometric methods, spiral phase plates (SPPs), spiral zone plates (SZPs), spatial light modulators, Q-plates, metasurfaces, and hybrid optical elements [8] [9] [10] [11] [12] . These typical methods have contributed considerably to broadening the applications of OV beams.
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SZPs, which are a variation on the Fresnel zone plate (FZP) and SPP, were proposed by Heckenberg et al. as a simple OV beam generator [13] . The FZP and SPP focus and generate a helical wave front, respectively. However, the conventional FZP is a binary diffraction element; in addition to the first-order focus at f needed for their design, the FZP has extra multiple high-order foci at f ∕3, f ∕5, f ∕7, and so on [14] . The undesired high-order foci not only reduce the diffraction efficiency, but also increase the background noise, which seriously affects the optical properties of optical components. Many methods have been proposed to solve this problem, such as a subwavelength structure, multilevel structure, and gray transmittance elements [15, 16] . Another well-known strategy, the Gabor zone plate (GZP), was proposed in the 1950s [17] . This special zone plate can effectively suppress the occurrence of orders higher than the first order. However, because it is limited by the processing capacity, the zone plate was not realized for a long time. After nearly 40 years, reports on the fabrication of GZPs began to appear and gradually attracted researchers' attention. In 2017, Xie's group proposed a single-focus SZP based on the GZP, which is a simple and compact optical element [14] . The element shows good optical properties and is well-suited to fabrication by modern lithography technology. However, all of the existing components based on the GZP work as amplitude modulator elements, which change the amplitude of light waves by blocking some regions of the elements.
Here, we present continuous-surface SZPs (MS-SZPs) based on GZPs. The novel element can generate a single-focus OV beam, benefiting from the continuous light modulation by the elements' complicated surface. The surface of the element resembles a spiral water wave overall, and its profile is a cosine curve with decreasing periodicity. The complex surface is difficult to process by traditional machining techniques. Two-photon photopolymerization induced by femtosecond laser direct writing (FsLDW), which has been widely used in high-precision three-dimensional machining of arbitrary structures, can acceptably solve this problem [18] [19] [20] [21] [22] . The geometrical structure of the element is in perfect agreement with the theoretical design, which ensures that the element possesses the expected fine optical performance. Furthermore, the element has reverse mirrorrotation symmetry, which means that the transfer element has the same surface profile as the original element. Both the transfer element and original element have good optical properties.
The continuous-phase single-focus MS-SZP is a combination of an SPP and GZP, whose transmittance functions can be written as
where r and θ are polar coordinates, and P represents the topological charge. Further, λ and f are the designed wavelength and focal length of the GZP, respectively. For a pure phase-type optical element, the amplitude A is equal to one, which means that all the light is transmitted without loss. The transmittance function of the MS-SZP can be obtained by multiplying Eqs. (1) and (2):
The modulated amplitude distributions of Eqs. (1)- (3) are shown in Figs. 1(a)-1(c), respectively. To show the functions more clearly, they were multiplied by an aperture function and normalized. A transmittance function image of an SPP with a topological number of one is shown in Fig. 1(a) . Around the center of the structure, the height gradually increases from 0°to 360°along the angular direction and then decreases rapidly to the minimum height at 360°. Figure 1 (b) shows a function image of Eq. (2). Along the radial direction, the profile of the structure is a cosine curve with a gradually decreasing period. Figure 1 (c) shows a transmittance function image of a MS-SZP with a topological number of one, which has a more complex surface morphology. The structure has reverse mirror-rotation symmetry, and it will be realized by FsLDW technology. The MS-SZP was fabricated using FsLDW technology based on two-photon polymerization. As a well-known microprocessing technology, FsLDW has been widely used to produce microoptical elements, micromechanical structures, and microfluidic chips owing to its unique, high-precision, and real threedimensional processing capability [23] [24] [25] [26] [27] . In the experiment, a fiber femtosecond laser (LF7808, Shanghai Langyan Optoelectronics Technology Co. Ltd.) was used; its wavelength, pulse width, and repetition rate are 780 nm, 100 fs, and 80 MHz, respectively. When a mature femtosecond laser processing system is used, the laser focus can provide pointby-point scanning of a material. Here, a commercial negative photoresist, SU-8 (2025, MicroChem Corp.), with high transmittance and good mechanical properties was used. After prebaking, laser scanning, post-baking, and development, the MS-SZPs are obtained, as shown in Fig. 2 . The 45°tiled views of MS-SZPs with topological numbers of one, two, and three were taken by laser confocal microscopy (LSCM, OLS3000, EVC electronic). The diameter, height, and focal length of the MS-SZPs shown in Fig. 2 are 80 μm, 1.1 μm, and 100 μm, respectively. The surface of the element is continuous without any obvious abrupt changes (i.e., step structure). Overall, the geometric morphology of the elements was in good agreement with the design.
The profile of the MS-SZP is a cosine curve with gradually decreasing periodicity. For an element with topological number P, it has a 2π∕P degree reverse mirror-rotation symmetry, which means that the transfer element has the same geometric morphology as the original element used in the transfer process. Figure 3 shows images of the original MS-SZPs and transfer MS-SZPs taken by scanning electron microscopy (SEM, JSM-7500F, JEOL). Figures 3(a)-3(c) show the original MS-SZPs with topological numbers of one, two, and three, which were used as templates and sealed with a layer of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) prepolymer. The template element and PDMS prepolymer were warmed in a conventional drying oven at 60°C for 6 h. After the prepolymer was peeled off, the transfer MS-SZPs were obtained, as shown in Figs. 3(d)-3(f ) . The transfer element has the exact same surface profile as the original template. However, owing to the reverse mirror symmetry of MS-SZPs, the helical structure of the transfer elements has the opposite rotation extension direction from that of the original elements.
To more clearly and quantitatively characterize the geometric morphology of the MS-SZPs, the theoretical and experimental profiles are shown in Fig. 4. Figures 4(a) and 4(b) show the profiles of the original element and transfer element, respectively. The MS-SZP with a topological number of one The maximum error between the experiment and theory is less than 2%, which ensures that the elements possess desirable optical characteristics.
The MS-SZPs can generate an OV beam carrying an OAM. Unlike the spin angular momentum (SAM), which has only two values, ℏ, per photon, an OV beam can carry an intrinsic OAM of l ℏ per photon. In principle, the topological charge l can be an arbitrary positive or negative integer. The unlimited states of the OAM enable it to carry more signals in both classical and quantum communication systems. The OV beam possesses a helical wavefront and phase singularity; consequently, its focus energy distribution is a hollow ring rather than solid. The size of the hollow ring varies with the topological charge of the OV beam. Figure 5 shows the relationship between the topological charge and light size. The original and transfer MS-SZPs with topological charges of one, two, and three were used; their diameter and focal length were 80 μm and 100 μm, respectively, as shown in Fig. 3 . An expanded He-Ne laser with a wavelength of 633 nm was used as a light source to irradiate the element vertically. Behind the element, the energy distribution of the light spot was observed by an imaging system composed of an objective lens and a com- Fig. 5(l) .
The most important property of the MS-SZP is that it has only one focal point along the optical axis, owing to its complex continuous-surface design. This significant single-focus characteristic was investigated in the experiment and simulation, as shown in Fig. 6 . By changing the position of the energy observation imaging system, the distribution of the light energy at different positions behind the element can be investigated. Figures 6(a)-6(d) show the light intensity at 100, 33, 20, and 14 μm, which correspond to f , f ∕3, f ∕5, and f ∕7, respectively. The theoretical simulation results are shown in Figs. 6(e)-6(h). Unlike the case of traditional optical elements, which would focus light at the above positions, there is no obvious multifocus phenomenon behind the MS-SZPs in either the experiment or the simulation. To more clearly demonstrate the single-focus behavior, the energy distribution along the optical axis was calculated. The calculated light intensities within 200 μm behind the element in the horizontal and vertical directions are shown in Figs. 6(i) and 6(j), respectively. It is very obvious that there is only one focus area near 100 μm from the element, where the spatial distribution of the energy is cylindrical.
In summary, we report a novel OV beam generator called the MS-SZP, which is a combination of an SPP and a GZP. Its surface is continuous without abrupt steps, which possesses reverse mirror-rotation symmetry. The OV generated by the MS-SZP has only one focus, so the beam quality is not degraded by multifocal scattered light. The single-focus behavior was investigated experimentally and was found to be in good agreement with the results of a theoretical simulation. Owing to the mirror-rotation symmetry, the transfer element has the same surface morphology as the original element, suggesting that mass reproduction of the MS-SZP is possible. The MS-SZP design method is universally available, opening a new avenue to realizing high-performance single-focus mirror symmetry elements.
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